To assess the impact of different routes of inoculation on experimental infection of avian influenza (AI) viruses in chickens, this study compared virus replication and cytokine gene expression in respiratory and gastrointestinal organ tissues of chickens, which were inoculated with four low pathogenic subtypes, H6N1, H10N7, H10N8, and H13N6 AI viruses via the aerosol, intranasal, and oral routes respectively. Aerosol inoculation with the H6N1, H10N7, and H10N8 viruses significantly increased viral titres and upregulated the interferon (IFN)-γ, interleukin (IL)-6, and IL-1β genes in the trachea and lung tissues compared to intranasal or oral inoculation.
| INTRODUCTION
Avian influenza (AI) viruses, circulating in wild bird reservoirs, continue to be a major threat to the poultry industry, in part because the environment near commercial flocks could readily be contaminated by migrating ducks and geese that frequently carry the causative viruses in their intestinal tracts (Suarez, 2008) . These viruses may gain access to domestic birds through contaminated equipment, clothing, and other materials brought into the poultry buildings.
However, spread of virus in air has also been suspected when outbreaks of AI viruses have occurred downwind from infected flocks or when contaminated manure has been spread on land in the proximity of poultry buildings (Bowes et al., 2004; Brugh & Johnson, 1986; Tsukamoto et al., 2007) . Evidence from experimental studies indicates that transmission of AI viruses in poultry can occur via the air (Shi, Ashraf, Gao, Lu, & Liu, 2010; Spekreijse, Bouma, Koch, & Stegeman, 2013; Tsukamoto et al., 2007; Yao et al., 2011) . Further evidence from field studies demonstrates that infectious AI viruses of H5N6, H7N9, and H9N2 subtypes survive in the aerosols of live poultry markets (LPMs) in China, and suggests that there might be a risk of AI virus transmission from contaminated aerosols in LPMs to humans (Wu et al., 2018; Zhou et al., 2016) .
Viruses may be transported in aerosols (particle size less than 5 μm) or in large droplets in the air. The minute size of aerosols contributes to the deposition of viral particles in the lower respiratory tract, which may result in efficient virus replication in lung tissues and possibly subsequent entry into the blood stream and spread to other organs (Tellier, 2006) . A human volunteer study of influenza infection reported that the 50% infectious dose (ID 50 ) by aerosol inhalation was approximately 100-fold less than that by the intranasal route of inoculation, which mimics transmission by large droplets (Tellier, 2006) . Another human volunteer study demonstrated that exposure to aerosolized influenza A viruses tend to cause more febrile diseases than intranasal inoculation (Cowling et al., 2013) . In accord with these human studies, aerosol inoculation with a high pathogenic avian influenza (HPAI) H5N1 virus caused earlier disease and mortality in ferrets compared to intranasal inoculation (Lednicky et al., 2010) . Aerosol inoculation of mice with sublethal levels of mouse-adapted H3N2 virus caused more robust infection, which was characterized by enhanced morbidity, mortality, pulmonary cell infiltration, and inflammation, compared to intranasal inoculation (Smith et al., 2011) . However, inoculation of mice with HPAI H5N1, low pathogenic avian influenza (LPAI) H7N9 or 2009 H1N1 virus via either aerosol or intranasal route resulted in generally comparable levels of morbidity and mortality (Belser, Gustin, Katz, Maines, & Tumpey, 2015) . Generally, the route of infection affects the nature of the host immune response and disease outcomes in mammalian species. However, such information in avian species is limited. Studies by Sergeev et al. (2013) showed that the ID 50 values of HPAI H5N1 viruses in chickens were substantially lower by aerosol inoculation than by intranasal inoculation. Our previous studies (Guan, Fu, Chan, & Spencer, 2013) demonstrated the occurrence of airborne transmission of a LPAI H9N2 in chickens and showed that aerosol inoculation of the virus was more efficient in causing infection than intranasal or oral inoculation. Our later studies (Guan, Fu, & Sharif, 2015) indicated that the LPAI H9N2 virus induced higher cytokine gene expression following aerosol inoculation compared to intranasal inoculation in chickens. In accord with our studies, Umar et al. (2016) reported that aerosol inoculation enhanced the replication of an H9N2 virus and the interferon gene expression in guinea fowl compared to intranasal inoculation. The study herein is to gain further information on the effect of aerosol inoculation on infection of chickens by AI viruses. We inoculated chickens via aerosol, intranasal, and oral routes using four low pathogenic AI viruses of various subtypes and different host origins, and compared the replication of the viruses and certain cytokine gene expression in the respiratory organ tissues.
| MATERIALS AND METHODS

| Chickens and eggs
All chickens and embryonated chicken eggs (ECEs) used in this study were from a specific pathogen-free (SPF) flock of single comb white leghorn chickens that was maintained by the Canadian Food Inspection Agency (CFIA) and tested negative for antibody against AI viruses by ELISA (Zhou, Chan, Heckert, Riva, & Cantin, 1998 
| Virus
The A/Quail/Italy/1117/65 (H10N8) and A/Gull/Maryland/704/77 (H13N6) viruses were from Dr. Earl Brown at the University of Ottawa, Ottawa, Ontario, while the A/Turkey/Ontario/29076/06 (H6N1) and A/Chicken/Ontario/20503/92 (H10N7) viruses were from Dr. Davor Ojkic at the University of Guelph, Guelph, Ontario. Virus identity was confirmed by whole-genome sequencing as previously described (Jegede et al., 2018) . Viral stocks were generated by passaging twice in chicken embryos (Guan et al., 2013) . The H6N1 and H10N7 viral inoculum used in the following chicken experiments had a titre of 1.58 × 10 7 50% embryo infective dose (EID 50 ) per ml while the H10N8 and H13N6 viral inoculum was 4.28 × 10 6 and 2.81 × 10 6 EID 50 /ml respectively.
| Chicken experiments
Chicken experiments were performed to study virus replication and cytokine gene expression in various organ tissues via the aerosol, intranasal, or oral routes of inoculation. Chickens at the age of 4 weeks were used and housed in isolators under negative pressure with access to feed and water ad libitum. A total of four independent experiments were performed, one for each virus. (Guan et al., 2013) . For the intranasal or oral inoculation, each chicken received 0.2 ml viral inoculum.
To monitor virus shedding, oropharyngeal and cloacal swabs were collected from all chickens on 1, 3, and 7 DPI. Swabs were immediately placed into 2 ml tubes containing 1 ml RLT buffer from the RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada) and then stored at −80°C. Virus titre in swabs was determined using real time reverse transcription polymerase chain reactions (RRT-PCR) with primers and probes targeting the matrix gene (M-gene) and expressed as EID 50 /ml as described previously (Guan et al., 2013) . To study virus replication and cytokine gene expression in tissues, six chickens from each group were randomly selected for euthanasia after collection of swab samples on 1, 3, and 7 DPI.
Trachea, lung, caecum tonsil, caecum pouch, and bursa tissue specimens were collected from each chicken, each sample weighing approximately 50 mg. Specimens were immediately placed in 2 ml tubes containing 1.0 ml RNAlater (Invitrogen Canada Inc. Burlington, ON, Canada) and stored at −80°C. Viral titre in tissue specimens was determined using RRT-PCR targeting the M-gene and expressed as EID 50 /g.
| Extraction and quantification of virus RNA
The RLT buffer (500 μl) containing virus from the swab samples described above was used for RNA extraction with RNeasy Mini kits (Qiagen) and an automated sample preparation equipment, QIAcube (Qiagen). Tissue specimens were retrieved from the RNAlater buffer and homogenized by bead beating using Precellys® beads (Cayman, Ann Arbor, MI, USA) in 1.0 ml QIAzol lysis reagent and a tissue lyser (Qiagen). Chloroform (200 μl) was added to the homogenate for mixing and the mixture was centrifuged at 12,000 g for 15 min at 4°C. The aqueous phase (500 μl) was recovered for RNA extraction with RNeasy Mini kits and the QIAcube.
Extracted RNA (5 μl) was used as a template in a 25-μl onestep RRT-PCR using Taqman RT PCR mix (Life Technologies) and the primers and probe developed by (Spackman, Senne, Myers, & Suarez, 2002) . The PCR was performed with a 7500 real-time PCR system (Applied Biosystems, Foster City, CA). Thermal cycling protocol used was reverse transcription at 50°C for 30 min, enzyme activation at 95°C for 15 min, and 45 cycles at 94°C for 5 s and at 60°C for 34 s for denaturation and elongation respectively. Generation of standard curves for quantification of the viruses was as described previously (Guan et al., 2013 Expression of interferon gamma (IFN-γ), interleukin 1 beta (IL-1β), and interleukin 6 (IL-6) genes was evaluated with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene as a reference. Quantitative PCR was performed with the 7500 real-time PCR system using the Power SYBR® Green PCR Master Mix, containing SYBR® Green 1 Dye, AmpliTaq Gold DNA Polymerase, dNTPs, and optimized buffer components for the detection of DNA in a reaction volume of 20 μl. Gene-specific primers as described by (Guan et al., 2015) and 5 μl of a 1:10 dilution of cDNA sample as templates were used for the PCR. The thermal cycling parameters included preincubation at 50°C for 2 min, 95°C for 10 min; 40 cycles at 95°C for 15 s, and 60°C for 1 min; and a final dissociation at 95°C for 15 s for melting curve analysis.
| Statistical analysis
A one-way analysis of variance (ANOVA) test was performed using the XLSTAT software to determine significant differences in virus replication and fold changes of cytokine gene expression in samples collected on each DPI from each group of chickens infected by virus via various routes of inoculation within each independent experiment. Statistical significances were calculated as indicated in the legends to figures.
| RESULTS
| Virus in oropharynx
Aerosol or intranasal inoculation of the H6N1, H10N7, and H10N8
viruses more efficiently caused infection in oropharynx of chickens compared to oral inoculation. Viral titres in the aerosol-or intranasal-inoculated chickens were significantly (p < 0.01) higher than those in the oral-inoculated chickens on 1 and 3 DPI (Figure 1a ,c).
Viral titres in the intranasal-inoculated chickens were significantly (p < 0.05) higher than those in aerosol-inoculated chickens on 1 DPI (Figure 1b,c) , and became comparable on 3 DPI (Figure 1a -c).
| Virus in tracheal and lung tissues
Aerosol inoculation more efficiently delivered the H6N1, H10N7, and H10N8 viruses to the trachea and lung of chickens compared to intranasal or oral inoculation. Titres of the H6N1 and H10N8 viruses in the tracheal and lung tissues of aerosol-inoculated chickens were significantly (p < 0.01) higher than those in intranasal-or oral-inoculated chickens on 1 and 3 DPI, (Figure 2a ,b,e,f). In comparison, the H10N7 virus only replicated to a significantly (p < 0.05) higher titre in the lung of aerosol-inoculated chickens on 1 DPI, but in the rest of the experiment viral titres in the trachea and lung were comparable via either aerosol or intranasal inoculation (Figure 2c,d ).
| Virus in ceca, bursa, and cloaca
Replication of the H6N1, H10N7, and H10N8 viruses was limited in the ceca, bursa, and cloaca of chickens. During the 7 days of the experiment, the H6N1 and H10N7 viruses were only detected in the caecum tonsil or caecum pouch specimens in ≤ 4 out of six chickens with most titres ≤4 log 10 EID 50 /g (Figure 3a-d) . In comparison, the H10N8 virus was detected on 3 DPI in the caecum tonsil specimens in all of the aerosol-or intranasal-inoculated chickens but none of the oral-inoculated chickens (Figure 3e ). The titres of H10N8 were significantly (p < 0.01) higher in chickens that received aerosol or intranasal inoculation compared to oral inoculation ( Figure 3e ). All three viruses were rarely detected (titres <4 log 10 EID 50 /g) in the bursa specimens in any chicken during the entire experiment (data not shown). Additionally, the H6N1 virus was only detected on 4 DPI in cloacal swabs from two chickens that received aerosol inoculation, but not in any other chicken on any DPIs. The H10N7 virus JEGEDE ET AL.
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was not detected in any of the cloacal swabs from any chickens (data not shown). Due to the rare viral detection in cloaca, cloacal swabs were not collected from chickens inoculated with the H10N8 virus.
| Cytokine gene expression in trachea and lung
Expressions of cytokine genes IFN-γ, IL-6, and IL-1β were evaluated in tracheal and lung tissues from chickens that were inoculated with the H6N1 or the H10N8 viruses. Such evaluation was not performed in chickens inoculated with the H10N7 or H13N6 viruses due to limited difference observed in virus replication in these organ tissues.
Upon the inoculation of the H6N1 virus, these genes were only significantly upregulated in aerosol-inoculated chickens but not in any intranasal-or oral-inoculated chickens on any DPI when compared to the gene expression in the control chickens with PBS inoculation (Figure 4) . On 3 DPI, IFN-γ, IL-6, and IL-1β genes were significantly upregulated between 2 and 3 log 2 fold in tracheal and lung tissues in the aerosol-inoculated chickens and the expression levels were significantly higher than those in the intranasal-or oral-inoculated chickens (Figure 4a-f) . Upon the inoculation of the H10N8 virus, the expression levels of INF-γ, IL-6, and IL-1β genes were also significantly higher in tracheal and lung tissues in the aerosol-inoculated chickens compared to those in the intranasal-or oral-inoculated chickens on 3 DPI (Figure 5a ,c-e).
| Mortality in chickens exposed to viral aerosols
No clinical symptom was observed in any chicken that received virus inoculation via the intranasal or the oral route during the entire 7-day experiments. However, two out of six chickens that were exposed to aerosolized H10N8 virus died on 6 DPI and one out of six chickens that were exposed to aerosolized H6N1 virus died on 5 DPI. In one dead chicken, the H10N8 virus was detected in specimens of trachea, lung, caecum tonsil, ceca, and bursa with the titres ranging from 6.1 to 8.7 log 10 EID 50 /g (data not shown). In the other dead chicken, the H10N8 virus was only detected in the lung and caecum tonsils and the titres were 4.8 and 2.3 log 10 EID 50 /g respectively. The H6N1 virus was detected in the trachea, lung, and ceca from the dead chicken, and the titres ranged from 5.0 to 6.2 log 10 EID 50 /g (data not shown).
The H13N6 virus failed to establish infection in chickens. However, low titres of the H13N6 virus (~2 log 10 EID 50 /g) was detected on 1 DPI in the lung from three out of six chickens that were exposed to the viral aerosols but not in any other tissue specimens or any oropharyngeal or cloacal swabs during the 7 days of the experiment (data not shown). The virus was neither detected in any of the chickens that received intranasal or oral inoculation (data not shown).
| DISCUSSION
This study investigated the infection in chickens following the aerosol, intranasal, and oral routes of inoculation of the LPAI H6N1, H10N7, H10N8, and H13N6 viruses in chickens. Using the H6N1, H10N7, and H10N8 viruses, the aerosol route of inoculation produced significantly higher viral replication in the organs of the lower F I G U R E 1 Virus replication in oropharyngeal cavity of chickens inoculated with H6N1 (a), H10N7 (b), and H10N8 (c) virus via the aerosol (▲), intranasal (•), or oral (■) route. Data represent the mean viral titres (± SD) in swabs (n = 18, 12, 6 on 1, 3, 7 days postinoculation respectively). *(p < 0.05) and **(p < 0.01) represent significant differences between groups respiratory tract (i.e., trachea and lung) and the gastrointestinal tract (i.e., ceca) compared to intranasal or oral inoculation. In accord with this finding, higher replication of an HPAI H5N1 virus occurred earlier in the lung of chickens infected by aerosol inoculation compared to intranasal inoculation (Sergeev et al., 2013) . Due to the minute size, aerosolized viruses travel along the airstream down to the lower respiratory tract, establish infection in the lung, possibly disseminate to other organs via the circulatory system in chickens. In comparison, the intranasal route of inoculation resulted in higher viral replication in the oropharyngeal cavity. Probably, the large size of viral droplets derived from intranasal route of inoculation limited the infection to the upper respiratory tract and produced mild respiratory disease (Cowling et al., 2013; Smith et al., 2011) . Viruses following oral inoculation travel through the oesophagus to other organs of the digestive systems. The acidic conditions and digestive enzymes in the gastrointestinal tract may inactivate the viruses before they reach, attach, and enter the target host cells (Winget, Ashton, & Crawley, 1962) . Therefore, a higher viral dose is usually required for establishing infection via the oral route of inoculation compared to the intranasal or aerosol routes. However, even a small amount of virus from oral inoculation can cause infection in the oropharyngeal cavity, which is a shared opening of the respiratory and the digestive tracts in chickens (de Geus, Rebel, & Vervelde, 2012) . Depending on the pathogenic characteristics, various viruses may cross the nasal mucous membrane, enter the blood stream, and spread to other organs (Sergeev et al., 2013) . In this study, the viruses, possibly due to their low pathogenicity, were mainly detected in the oropharyngeal cavity, occasionally in ceca, but not in trachea or lung of chickens that received oral inoculation. Unlike the former three viruses used herein, the H13N6 virus as expected failed to establish infection in chickens via any route of inoculation since the H13 subtype is commonly known to replicate exclusively in wild birds, specifically gulls (Brown et al., 2012) . However, viral RNA of the H13N6 virus was detected in lung tissues from chickens soon after the aerosol inoculation but not the intranasal or oral inoculation. This finding provided an additional support to the notion that the minute size of aerosols enables deposition of viral particles in the lower respiratory tract (Tellier, 2006) .
This study selectively quantified the expression of the cytokine genes, IFN-γ, IL-6, and IL-1β as markers for illustrating the impact of Especially, increased lung pathology was associated with increased levels of IL-6 (Maines, Szretter, Perrone, Belser, & Katz, 2008) . In addition, IL-1α/β, TNFα/β, IL-6 and IFNα/γ were the key cytokines involved in the pathogenesis of fever caused by influenza infection (Morris, Andrew Brydon, & Sweet, 2008) .
As shown in this study, high viral replication in tracheal and lung tissues of aerosol-inoculated chickens was correlated with the upregulation of proinflammatory and antiviral cytokine (IL-6, IL-1β, and IFN-γ) genes, which was significantly higher than that in intranasalinoculated chickens. The significant upregulation of the IL-6, IL-1β, and IFN-γ genes concurred with the peak virus titres in chickens that received aerosol inoculation in this study using the H6N1 and H10N8 viruses and in our previous study using an H9N2 virus as well (Guan et al., 2015) . These findings agreed with the general understanding that the double stranded RNA intermediates produced during influenza viral replication triggered the cytokine induction upon infection (Morris et al., 2008) . Consistent with our findings is that aerosol inoculation of mice with sublethal levels of a mouseadapted H3N2 influenza virus caused more robust infection and higher levels of IL-6 expression in the lung compared to intranasal inoculation (Smith et al., 2011) . Higher levels of IL-6 expression were correlated with more severe influenza virus infection in ferrets as well (Svitek, Rudd, Obojes, Pillet, & von Messling, 2008) . However, in contrast to our findings, levels of IFN-γ were significantly lower in the lung of mice that received aerosol inoculation compared to intranasal inoculation (Smith et al., 2011) . IFN-γ as an immune regulatory cytokine drives proinflammatory immune responses and cytotoxic T lymphocyte activity (Morris et al., 2008) . The interplay between IFN-γ and IL-6 signalling contributes to the rapid recruitment and timely removal of neutrophils from sites of acute inflammation (McLoughlin et al., 2003) . In agreement with our findings, a congruent elevation of IL-1β, IL-6, and IFN-γ was observed in the lung of mice infected with an HPAI H5N1 virus (Lipatov, 2005) . Although the chicken respiratory tract differs significantly from the mammalian Also, ferret studies showed that clinical signs appeared earlier in animals exposed to aerosolized HPAI H5N1 virus than those infected through intranasal inoculation (Lednicky et al., 2010) . Aerosol inoculation of mice with a H3N2 virus led to exacerbated morbidity and pulmonary disease pathogenesis compared to intranasal inoculation (Smith et al., 2011) . However, aerosol inoculation of mice with HPAI H5N1, LPAI H7N9, or 2009 H1N1 virus mounted a productive respiratory infection with generally comparable infectivity, disease progression, and lethality to that observed in mice infected by intranasal inoculation (Belser et al., 2015) . Collectively, the findings indicated F I G U R E 4 Cytokine mRNA response in chicken trachea and lung to H6N1 inoculation via the aerosol (white bar), intranasal (striped bar), or oral (dark bar) route. Cytokine mRNA expressions (n = 6) were measured by quantitative PCR with reference to the expression of GAPDH gene, and were presented as the mean fold change (± SEM) compared with values in control chickens (inoculated with PBS). Statistical analysis was performed by comparing cytokine mRNA expressions in control and inoculated chickens. Bars with the same letter of A or B (p < 0.01), a or b (p < 0.05) are significantly different, and letters C (p < 0.01) and c (p < 0.05) represent significant difference from the control that the aerosol route of inoculation tends to produce aggravated or at least equivalent outcomes of influenza disease compared to the intranasal route, despite the influence from the variability in host species and viral subtypes (Belser et al., 2015) .
In conclusion, this study demonstrated the effectiveness of the aerosol route of inoculation in causing and enhancing influenza infection and inducing innate immune response in chickens compared to the intranasal and the oral routes. The results suggest that aerosol inoculation may be an alternative approach for studying the infection of AI viruses in avian species. Given the large amounts of aerosols that are generated in live poultry markets and from the highly intensive poultry production, aerosolized AI viruses may post a significant risk to poultry and public health.
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